ABSTRACT: This paper describes how in vitro efficacy of aptamer-loaded gold nanostars (Apt-AuNS) can be enhanced by the increased loading of a G-quadruplex homodimer AS1411 (Apt) on the AuNS surface. In a low pH buffer environment, the loading density of Apt on AuNS was increased up to 2.5 times that obtained using the conventional salt-aging process. These highly loaded AuNS nanoconstructs (*Apt-AuNS) were taken up in pancreatic cancer and fibrosarcoma cells ca. 2 times more and at faster rates compared to Apt-AuNS. When a similar number of AuNS carriers was internalized by the cancer cells, the amount of AS1411 delivered via *Apt-AuNS was effectively double that of Apt-AuNS, and *Apt-AuNS resulted in an average of 42% increase in cell death. These results suggest that increasing the loading density on AuNS could provide a simple means to improve uptake as well as in vitro efficacy of the nanoconstructs in cancer cells.
N
anoconstructs composed of two primary components, a metal nanoparticle (NP) core and a shell of biomolecular ligands, are important in cancer diagnostics and treatment. 1−5 Among NP core materials, gold nanoparticles (AuNPs) have been the most widely studied because they can be functionalized with ligands containing terminal groups such as thiols, phosphines, and amines. 1, 3, 6, 7 The loading of ligands on AuNPs typically relies on the self-assembly of thiolated biomolecules (oligonucleotides, antibodies, and peptides). The high density of ligands comprising the shell results in a high local concentration of biomolecules; thus, nanoconstructs often exhibit superior properties compared to the free form of the biomolecule. 8−13 For example, aptamer-loaded gold nanostars exhibited on average an increase of 20% in vitro efficacy in wide range of cancer cells compared to free aptamer drug at over 10 times the concentration. 14, 15 Other work has also demonstrated that a 10-fold increase of DNA on AuNPs enhanced uptake in cancer cells by three times. 9 One hypothesis regarding how the high packing density of ligands affects the overall functionality of the nanoconstruct is polyvalency, where multiple ligands on the AuNPs can interact with multiple target receptors. 16, 17 Although ligand type and density dictate the properties of the nanoconstruct, 1 there are only a few reports on how to load oligonucleotides onto AuNPs. The most common method involves a two-day process of salt addition at high concentration (150−300 mM NaCl; pH 7.5) and an excess quantity of ligands (>5000× compared to the AuNP concentration). 1, 13, 18 This procedure is known as salt-aging, referred to as SALT in this paper. Because most AuNPs are stabilized with negatively charged citrate molecules, 19 micromolars of thiolated oligonucleotides are needed for nanomolars of AuNPs to displace the citrate capping layer and form stable oligonucleotide-AuNP constructs. 20 Increased packing of thiolated DNA can be achieved by adding millimolars of NaCl to help reduce charge repulsions between DNA. 20−22 Recently, a new procedure to attach single-stranded DNA (ssDNA) onto citrate-capped AuNPs used citrate buffer at pH 3. 13 For simplicity, we refer to this procedure as CIT-3. At pH 3, three DNA bases, adenine (A), cytosine (C), and thymine (T), are slightly positively charged, and the citrate-capping layer on AuNPs is partially protonated. 13, 23 Protonation of the citrate layer and DNA at pH 3 reduced repulsive forces, which facilitated faster adsorption of DNA onto the AuNPs. Simultaneously, the Na + in the citrate buffer screened charges between the oligonucleotides to facilitate efficient packing. Overall, CIT-3 required a lower initial concentration of DNA, a lower salt concentration (10 mM), and a shorter conjugation time (10 min) compared to SALT. 13 The loading density for ssDNA, however, was comparable for both methods. 13 Previously, we used SALT to load the DNA aptamer drug AS1411 on AuNS to create nanoconstructs (Apt-AuNS) with anticancer effects.
14 AS1411 forms a G-quadruplex homodimer structure (Apt) that binds to nucleolin, a cell-surface receptor overexpressed on and within cancer cells. 24−26 Although the uptake mechanism for AS1411 is not well understood, previous work suggests cellular entry through macropinocytosis after Apt binds to nucleolin. 27 We have demonstrated that the dense packing of Apt on AuNS enabled the internalization of AptAuNS nanoconstructs in a wide range of cancer cells, which resulted in the reduction of antiapoptotic bcl-2 mRNA and improved in vitro efficacy compared to the free aptamer. 14, 15 Here we report how CIT-3 can be used to load oligonucleotides with secondary structure on AuNPs at higher densities compared to SALT. We found that a G-quadruplex homodimer (Apt) could be loaded onto AuNS with a density up to 2.5× higher. This highly loaded nanoconstruct (*AptAuNS) was taken up by pancreatic cancer cells and fibrosarcoma cells at faster rates and with ca. twice the number compared to Apt-AuNS. We found that the increased loading of Apt on AuNS also resulted in an enhanced in vitro response. Moreover, when similar quantities of AuNS were internalized by cancer cells, but having different densities of Apt, we found that *Apt-AuNS showed on average a 42% increase in cancer cell death compared to Apt-AuNS. Because the biological activity of the aptamer drug affects many properties of the nanoconstruct, increasing the loading density on AuNS could provide a simple means to improve uptake as well as in vitro efficacy in cancer cells.
AuNS were synthesized by reducing a gold precursor (HAuCl 4 ) in 2-[4-(2-hydroxyethyl) piperazine-1-yl] ethanesulfonic acid (HEPES) buffer, 14, 28 where HEPES molecules acted as both the reducing and a shape-directing agents ( Figure 1A ). The average hydrodynamic diameter of the synthesized AuNS was 37.1 ± 0.3 nm (Table 1) . Since the AuNS were coated with HEPES, its surface charge (−33 mV) was measured to be more positive than that of citrate-capped AuNPs (−45 mV). Because of this relatively large difference in charge, AuNS can serve as a test case to determine whether CIT-3 can be used to load oligonucleotides on AuNPs besides colloidal ones capped with citrate. We first examined CIT-3 loading conditions by varying the ratio of Apt to AuNS from 5000:1 to 200:1 and the concentration of citrate buffer at pH 3 from 15 to 55 mM. Figure 1B depicts a scheme of Apt loading on the nanoconstructs through CIT-3 (*Apt-AuNS) and SALT (AptAuNS). The upper-limit conditions investigated for CIT-3 were similar to that used in SALT (concentration ratio of 5000:1 Apt/AuNS and 167 mM of NaCl).
14 To quantify the number of G-quadruplex homodimers on AuNS, we labeled the 5′-end of Apt with Cy5. After the AuNS core was digested in KCN, the fluorescence intensity of the released Cy5-labeled Apt was measured to determine the number of Apt on the AuNS (Supporting Information). Figure 2 shows that at lower concentrations of sodium citrate buffer (20−25 mM), a higher loading of Apt was obtained. We also found that the concentration ratio of 1600:1 Apt/AuNS resulted in 126 ± 6 homodimers/AuNS for *Apt-AuNS nanoconstructs. This number was ca. 2.5-times higher than that from SALT (55 ± 3 homodimers/AuNS) ( Table 1) . Significantly, loading of Apt via CIT-3 was finished within 1 h, while SALT required 2 days.
To support further the observation of increased loading, we analyzed the optical properties of the nanoconstructs. The localized surface plasmon (LSP) resonance of *Apt-AuNS was red shifted by 20 nm (λ LSP = 838 nm) compared to that of Apt- AuNS (λ LSP = 818 nm) ( Table 1) . This shift to longer wavelengths indicated that the local refractive index at the surface of the AuNS had increased, which can be explained by higher loading of Apt. Furthermore, the surface charge of *AptAuNS (−29.8 mV) was more negative than that of Apt−AuNS (−23.2 mV), which also confirmed an increase in Apt loading (Table 1) . Our results not only confirmed that faster loading of DNA could be accomplished with CIT-3, but that this method could be extended to other adsorbed anions on AuNPs as well as oligonucleotides with secondary structure. Moreover, CIT-3 produced higher loading of a G-quadruplex Apt, although a comparable experiment with ssDNA (19-mer) showed similar loading on AuNS for CIT-3 and SALT (Supporting Information Figure S1 ), which is in agreement with the literature. 13 Our hypothesis is that although the adsorption of ssDNA onto AuNS is low during the initial step of SALT, ssDNA is flexible and can adopt different conformations to achieve efficient packing after 2 days. Homodimers of AS1411, however, are bulkier and are more rigid because of their Gquadruplex structure. Thus, low adsorption of Apt on AuNS using SALT did not enable efficient packing even though high concentration of salt was present to help screen charge. Because CIT-3 accelerates adsorption of DNA on AuNPs, this phenomenon may help in directing and loading AS1411 onto AuNS.
The increased loading of nontargeted DNA on colloidal AuNPs has been shown to increase uptake in cancer cells. 9 We hypothesized that *Apt-AuNS would also be internalized by cancer cells more effectively than Apt-AuNS not only because of the higher loading of Apt but also because Apt can target the cell-surface marker nucleolin. 25, 29 We selected pancreatic cancer (PANC-1) and fibrosarcoma (HT-1080) cells as model systems because their tumors represent two different subcategories of cancers that lack of available treatments. 30 To evaluate uptake of the nanoconstructs, we incubated the cancer cells with 0.3 nM of Cy5-labeled *Apt-AuNS and Apt-AuNS for two different times: 2 h (t = 2 h) and 7 h (t = 7 h) at 37°C in a 5% CO 2 environment (Supporting Information). Figure 3 depicts confocal fluorescence microscopy images of Cy5-labeled nanoconstructs (red fluorescence) that overlapped with the DAPI-stained nuclei (blue fluorescence) in both HT-1080 and PANC-1 cells. These results indicated that even after short incubation times (t = 2 h), *Apt-AuNS were internalized in much higher quantities than Apt-AuNS (Supporting Information Figure S2 ). After t = 7 h, the differences in the intensity of Cy5 signals between *Apt-AuNS and Apt-AuNS were even more pronounced.
To quantify the differences in fluorescence intensity, we measured the Au content of *Apt-AuNS and Apt-AuNS internalized in PANC-1 and HT-1080 cells using inductively coupled plasma mass spectrometry (ICP-MS). Using a twodimensional (2D) projection of AuNS from transmission electron microscopy (TEM) images to estimate the volume of the particle, we converted the Au content to number of AuNS per cell (Supporting Information). We observed that at 2 and 7 h incubation times, the number of *Apt-AuNS was higher than that of Apt-AuNS in both cell types. The data strongly agreed with the qualitative confocal results. At t = 7 h, there were 15 ± 1.3 × 10 6 AuNS per cell in *Apt-AuNS treated samples of HT-1080, which was ca. 1.5× higher than that of Apt-AuNS (10 ± 0.6 × 10 6 AuNS/cell) ( Figure 4A ). In PANC-1 cells, the number of *Apt-AuNS per cell (68 ± 13 × 10 6 ) was twice that of Apt-AuNS (33 ± 3.4 × 10 6 ) after a 7 h incubation ( Figure   4B ). TEM images of cell sections revealed that the nanoconstructs were localized to the perinuclear regions and caused deformation of the nuclear membrane in both HT-1080 and PANC-1 cells (Supporting Information Figure S3 ). This change in nuclear phenotype because of the presence of the nanoconstructs was similar to what we observed previously in HeLa cells. 14 To correlate effects of nanoconstruct uptake on in vitro efficacy, we determined the amount of cell death after incubation with *Apt-AuNS and Apt-AuNS using a cell viability assay (Supporting Information). Figure 5A compares the percentage of cell death in HT-1080 at two incubation times. The percentage of cell death after a 2-h incubation with *AptAuNS (36%) increased by 1.5 times compared to Apt-AuNS (14%). At t = 7 h, we observed a 50% increase in cell death: 45% with *Apt-AuNS and only 30% with Apt-AuNS. These results suggest that increased uptake can also enhance in vitro effects. A normal skin fibroblast (HS-27) was selected as a control cell line to HT-1080, since adverse effects on fibroblast cells may suggest potential toxicity of the nanoconstructs in other healthy cells. The viability assay also indicated that *AptAuNS and Apt-AuNS caused no negative effects in HS-27 cells (Supporting Information Figure S4A ).
Figure 5B shows a similar improvement of in vitro efficacy in PANC-1 cells after treatment with *Apt-AuNS. The percentage of cell death at t = 2 h increased by 42% in *Apt-AuNS incubated PANC-1 cells (37%) compared to Apt-AuNS (26%). After a 7 h incubation, we observed greater than 65% increase of cell death with *Apt-AuNS (51%) compared to Apt-AuNS (31%). The two-way ANOVA test confirmed the significant differences (p < 0.001) in cell death number. We also assessed toxicity of both nanoconstructs in a normal mammary epithelial cell line (MCF-10A) as a control. Similar to what we observed in HS-27, only minimal cell death was observed (Supporting Information Figure S4B ). Overall, we found that the in vitro efficacy of *Apt-AuNS was superior to that of Apt-AuNS.
Finally, we investigated directly the effects of higher Apt loading on the nanoconstructs by comparing the in vitro efficacy after a similar number of nanoconstructs had been internalized by cancer cells. We first determined the incubation time at which a similar amount of AuNS was taken up in HT-1080. Figure 6A ,B show that Cy5-labeled *Apt-AuNS at t = 5 h and Apt-AuNS at t = 7 h have similar uptake in cancer cells, indicated by similar fluorescence intensity of Cy5 signals in confocal images and confirmed quantitatively with ICP-MS (ca. 10 × 10 6 AuNS/cell) (Supporting Information Figure S5 ). Cell viability results indicated a 44% increase of HT-1080 cell death after incubation with *Apt-AuNS (t = 5 h) (39%) compared to that with Apt-AuNS (t = 7 h) (27%) (Figure 7 ). With PANC-1 cells, a 3 h incubation with *Apt-AuNS resulted in numbers of nanoconstructs similar to that after 7 h incubation with AptAuNS (ca. 35 × 10 6 AuNS/cell) (Supporting Information Figure S4 ). These results were also confirmed qualitatively using confocal microscopy ( Figure 6C,D) . The percentage of cell death increased by 40% in PANC-1 cells (Figure 7 ). *AptAuNS nanoconstructs delivered 2.5× more AS1411 compared to Apt-AuNS in cancer cells, and the increased packing of drug produced in vitro efficacies higher than Apt-AuNS. Importantly, our data suggests that superior efficacy of *Apt-AuNS compared to Apt-AuNS or free AS1411 can be attributed to the potential increase of polyvalent interactions between the nanoconstructs and nucleolin in cancer cells.
In conclusion, we found that DNA aptamers having secondary structure could be loaded with higher densities and at faster rates on AuNS using a low-pH citrate buffer solution compared to the standard salt-aging procedure. This increased loading of AS1411 enhanced cellular uptake as well as in vitro efficacy of the nanoconstructs in both fibrosarcoma and pancreatic cancer cells. Importantly, our results suggest that nanoconstructs that exhibit increased polyvalency from the higher local concentrations of Apt can improve therapeutic effects. We anticipate that these results may provide a different approach to address current challenges in designing drugloaded nanoconstructs. Experimental syntheses and characterization of AuNS, AptAuNS, and *Apt-AuNS; detailed procedures for quantification of Apt on AuNS, quantification of AuNS uptake in cancer cells; procedure of cell viability assays; loading of ssDNA on AuNS using SALT and CIT-3; uptake of nanoconstructs in pancreatic cancer and fibrosarcoma cells after 2 h incubation; effects of nanoconstructs in normal cells; and similar uptake of nanoconstructs. This material is available free of charge via the Internet at http://pubs.acs.org.
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